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Abstract
We propose a scheme to manipulate quantum correlation of output lights from two sides of a
cavity by phase control. A probe laser is set to split into two beams in an interferometer with a
relative phase in two arms which drive the cavity mode in opposite directions along cavity axis,
individually. This phase, here named as driving-field phase, is important to build up quantum
correlation in HBT (Hanbury Brown-Twiss) setup. Three control lasers propagate vertically to
the cavity axis and drive the corresponding atomic transitions with a closed-loop phase. This
type of closed-loop phase has been utilized to realize quantum correlation and even quantum
entanglement of the atomic system in previous work [Phys. Rev. A 81 033836 (2010)]. The
scheme here is useful to manipulate steady and maximum quantum correlation.
Keywords: cavity-QED, quantum interference, optical switching, phase control
PACS number(s): 42.50.-p, 42.50.Pq, 32.80.Qk, 42.25.Bs
1. Introduction
Electromagnetically induced transparency (EIT), one
kind of quantum interference, is based on the coher-
ent superposition of two ground-state levels which are
connected with an excited level by two lasers [1]. This
technique has been realized by increasing the intensity
of one of the two lasers as a coupling field (Λ-type, V-
type and ladder-type EIT configurations) [2–4] and has
various applications by introducing another level and a
third laser as a controlling field [5–9]. Especially, it is
becoming more and more important to realize and mod-
ify intracavity EIT [10–17] in cavity quantum electrody-
namics (cavity-QED) systems [18, 19]. Comparing with
intracavity EIT itself, the modified intracavity EIT has
more advantages on light controlling light system, such
as low light intensity of switching field and high switch-
ing efficiency [12, 13, 20, 21].
On the other hand, there are a lot of interesting re-
ports on phase-dependent EIT induced by a closed loop
[22–25] with or without cavity, which turn out to be a
more sophisticated manner in manipulating light-atom
interactions. It is applied in many explorations, such
as phase-control spontaneous emission [26], beam split-
ter [27] and entanglement between collective fields [28].
Based on phase-dependent EIT in a double four-level-
atom system [28], four incident fields act as two collective
∗Corresponding author: suxm@jlu.edu.cn
modes and constitute two quantum beats. As a result,
entanglement occurs between two collective modes. One
can also operate the nonadiabatic optical transitions,
quantum mechanical superposition states, the polariza-
tion selection and even controllable phase gate [29–32] by
phase control in closed-loop EIT configuration. Mean-
while, with another type of phase control in the two arms
of quantum interferometer, a lot of creative applications
can be realized. For an example, with a Kerr phase
in one arm of quantum interferometer, the postselected
measurement and the amplification of weak effect have
been carried out where giant XPM (cross-phase modu-
lation) nonlinearity is resulted from EIT technique [33].
The phase difference existing in two arms of quantum in-
terferometer takes important effect on sensitive measure-
ment like group-delay measurement and gravitational
waves detection [34–36]. Moreover, this kind of phase
difference is involved in interference control of medium
absorption, measurement of spatial correlation or entan-
glement in many literatures [37–40]. In the scheme here,
we utilize this driving-field phase to manipulate output
of cavity mode field at two ends to realize controllable
quantum correlation, where dissipation of the system is
controlled by the modified EIT with closed-loop phase.
Here controlled quantum coherence is induced by phase
coherence of the classical fields.
In the following, we firstly make an introduction to our
scheme. Some four-level atoms trapped in the cavity in-
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teract with three control lasers inducing a closed-loop
phase and a probe laser splits into two coherent beams
which drive the cavity mode field with a driving-field
phase. Then we make a theoretical analysis and obtain
the analytic solutions for intracavity field and its output
fields. We can make the incident probe laser perfectly
absorbed in cavity or totally transmitted (reflected) out
of the cavity. And the correlation between two output
channels depends on the closed-loop and driving-field
phases. Secondly, we move forward on the numerical re-
sults and detailed discussion in section 3. We analyze
how our system is performed as a perfect photon ab-
sorber or a complete transmitter / reflector. We discuss
the controlled effects of the relative phases on quantum
correlation according to evolution of second-order corre-
lation of two output channels. In the end, we make a
simple summary in section 4.
2. Theoretical analysis
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Figure 1. (color online) (a) The theoretical scheme
and (b) the four-level atomic level structure of 87Rb.
The scheme proposed here is depicted as in Fig. 1(a).
The atomic levels |1〉, |2〉, |3〉 and |4〉 as shown in fig-
ure 1(b) correspond to 5S1/2 F = 1, 5S1/2 F = 2,
5P1/2 F = 1 and 5P3/2 F = 2 of
87Rb, respectively.
Two control lasers and a terahertz (THz) wave enter
into the cavity with closed-loop phase φ1. Those two
control lasers drive the atomic transitions |2〉 → |3〉,
|2〉 → |4〉 with frequency detuning ∆1 = ω1c − ω32 and
∆2 = ω2c − ω42, respectively. The THz wave as a third
control laser couples atomic transition from level |3〉 to
|4〉 with a frequency detuning ∆t = ωt − ω43. A probe
laser (ωp), which has a frequency detuning ∆c = ωp−ωc
from cavity mode (ωc), is split by a beam splitter (BS).
The two split beams αin,l and αin,r are injected into
cavity from the opposite directions. With phase control
device, a relative phase φ2, namely driving-field phase,
exists between αin,l and αin,r. Two detectors are ap-
plied to receive output signal from right and left cav-
ity mirror. ∆ac = ωc − ω31 is frequency detuning of
cavity mode and atomic transition |1〉 → |3〉. g√N is
the collective coupling coefficient of cavity-QED system.
Ω1(ω1c), Ω2(ω2c) and Ωt(ωt) are Rabi frequency (angu-
lar frequency) of control laser 1, control laser 2 and THz
wave. ω31, ω32, ω42 and ω43 are angular frequency of cor-
responding atomic level spacing. It is well known that
EIT or modified EIT can be observed in this kind of con-
figuration [23, 41]. The optical switch based on intensity
modulation of control lasers can be realized. Different
from that, however, here we utilize the phase effect to
manipulate the intracavity field and output signals.
Under rotating wave approximation, the Hamiltonian
is as following,
H=−h¯∆ca†a−h¯
N∑
j=1
[(∆p−∆1)σj22+(∆p−∆1+∆2−∆t)σj33
+(∆p−∆1+∆2)σj44]−h¯
N∑
j=1
(ga†σj13e
iϕp+Ω1σ
j
23e
iϕ1
+Ω2σ
j
24e
iϕ2+Ωtσ
j
34e
iϕt)+H.C.,
(1)
whereH.C. denotes the Hermitian conjugate, ∆p = ωp−
ω31 is frequency detuning of probe laser and atomic tran-
sition |1〉 → |3〉, g = µ13
√
ωc/(2h¯ε0V ) is cavity-QED
coupling coefficient, a†(a) is creation (annihilation) op-
erator of cavity photons, σjmn = |m〉〈n| (m,n = 1, 2, 3, 4)
is atomic operator, ϕp, ϕ1, ϕ2 and ϕt are phases of probe
laser, control laser 1, control laser 2 and THz wave, re-
spectively.
For simplicity, we consider a symmetric Fabry-Perot
cavity with field loss rate κl (κr) from left (right) cavity
mirror, κi = Ti/2τ , where Ti is the mirror transmission
and τ is the photon round-trip time inside the cavity.
The relation between input and output modes of this
cavity-atom system is given by [42],
〈aout,l〉+ 〈ain,l〉 =
√
2κlτ 〈a〉,
〈aout,r〉+ 〈ain,r〉 =
√
2κrτ 〈a〉,
(2)
where 〈a〉 = α (〈a†〉 = α∗), 〈ain,l〉 = αlin (〈ain,r〉 = αrin)
and 〈aout,l〉 = αlout (〈aout,r〉 = αrout) are expectation
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values for the operators of intracavity field, incident
probe beam and outgoing signal from left (right) mir-
ror, respectively [43]. Since the system is driven from
both sides, the transmission and reflection properties
of the cavity can be calculated by solving the following
Heisenberg-Langevin equations of motion [19],
〈a˙〉= 1
i h¯
[a,H ]−(κl+κr)〈a〉+
√
2κl/τ〈alin〉+
√
2κr/τ〈arin〉,
〈σ˙ij〉= 1
i h¯
[σij , H ]−γij〈σij〉.
(3)
At the initial time, we assume that the populations in
level |1〉 and |2〉 are both 1/2, namely σ11 = σ22 = 1/2
and σ33 = σ44 = 0. Then under steady-state condition,
the intracavity field can be derived as,
α =
√
2κl/τ α
l
in +
√
2κr/τ α
r
in
(κl + κr)− i∆c − iχ , (4)
where
χ=
g2N/2(Ω22−A∗B)
2Ω1Ω2Ωt cosφ1−A∗Ω2t−B∗Ω21−C∗Ω22+A∗B∗C
is the susceptibility of atomic media and A = ∆p−∆1+
i γ12, B = (∆p − ∆1 + ∆2) + iΓ4/2, C = (∆p − ∆1 +
∆2 −∆t) + iΓ3/2. Here φ1 = ϕ1 − ϕ2 + ϕt represents
the relative phase of two control lasers and THz wave
induced by the closed loop as shown in Fig. 1(b), Γ3 =
Γ4 = Γ is the natural decay rate of excited states |3〉
and |4〉, and γ12, much smaller than Γ3 or Γ4, is the
decoherence rate between ground states |1〉 and |2〉.
The analytical solutions to intracavity field and out-
put signals through right and left mirrors are,
Ic = I
r
in|
√
κ(1 + eiφ2)
κ− i∆c − iχ |
2,
Irout = I
r
in|
κ(1 + eiφ2)
κ− i∆c − iχ − 1|
2,
I lout = I
r
in|
κ(1 + e−iφ2)
κ− i∆c − iχ − 1|
2.
(5)
Here we assume that κl = κr = κ/2, α
l
in = |αin|eiϕl
and αrin = |αin|eiϕr . The driving-field phase φ2 = ϕl −
ϕr is the relative phase of two incident probe beams,
Irin is the input field intensity from right side of cavity
and Ic, I
r
out (I
l
out) are field intensity of intracavity light
and output light from right (left) mirror, respectively.
The output field intensity can be manipulated either by
changing media susceptibility or relative phase φ2. In
this system, both strength / frequency of control lasers
and closed-loop phase φ1 can be used to modulate media
absorption property. As indicated in equation (5) two
output channels have correlation based on φ2, especially,
when φ2 = pi, intracavity field intensity is always equal
to zero, which means the probe beams are transmitted
or reflected totally. In brief, in this scheme, light output
of the two channels can be controlled by two types of
phases.
3. Results and discussion
In this section, we firstly analyze the media absorption
property controlled by intracavity phase-dependent EIT
induced by closed-loop phase φ1 since it is one of the ma-
jor factors of phase-dependent correlation between two
output channels. Here we emphasize the effect of initial
phases of controlling lasers rather than the intensities of
them. Secondly, we discuss influence by the other major
factor, driving-field phase φ2. The two phases lead to
the controllable second-order correlation and the steady
and maximum value of it. Numerical results and detailed
discussion are as following.
Media absorption property is presented by imaginary
part of susceptibility χ as shown in Fig. 2(a) and 2(b).
The parameters of Fig. 2 and all other figures in this
section are under resonance condition ∆1 = ∆2 = ∆t =
∆ac = 0. The cavity is at threshold of strong collective-
coupling regime (g2N = κΓ). Without control laser 2
and THz wave, Λ-type three-level atoms interact with
cavity field and control laser 1, and thus two bright po-
laritons are formed at ∆p = ±
√
g2N +Ω21 and a dark
state at ∆p = 0 which is decoupled to cavity mode.
When two control lasers are applied, two new dark states
because of dark state splitting and new bright states are
formed at [20]
∆p =
±
√
[Ω21+Ω
2
2+g
2N ±
√
(Ω21+Ω
2
2+g
2N)2−4g2NΩ22]/2.
Together with the strong THz wave (Ωt), intracavity
EIT splitting will be destroyed but a closed interaction
contour is formed which can lead to a phase-dependent
EIT.
Fig. 2(a) and 2(b) are plotted with Ωt = 0.5Γ and
Ωt = Γ to present the harmful effect of THz wave on
intracavity EIT splitting and the compensated contri-
bution of the closed-loop phase. In figure 2(a) when
Ωt = 0.5Γ, THz wave could not completely destroy intra-
cavity EIT splitting. This is why Im[χ] has three peaks
in absorption spectra (double EIT), but the values and
locations of the three peaks are decided by closed-loop
phase. As shown in Fig. 2(a), for φ1 in even order of pi/2
(φ1 = 0, pi, 2pi) and odd order of pi/2 (φ1 = pi/2, 3pi/2),
there are three asymmetrical and symmetrical absorp-
tion peaks with respect to ∆p = 0, respectively. The ba-
sic principle behind this phenomenon can be explained
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Figure 2. (color online) (a), (b) Absorption property of atomic media inside the cavity and (c), (d) output
intensity from two sides of cavity. The parameters are g
√
N = Γ, Ω1 = Ω2 = Γ, κ = Γ, γ12 = 0.001Γ, and (a)
Ωt = 0.5Γ, (b), (c), (d) Ωt = Γ.
Figure 3. (color online) Field intensity ratio versus frequency detuning ∆p for output field from left (I
l
out/Iin
(green solid lines)) or right mirror (Irout/Iin (dashed red lines)) and intracavity field (Ic/Iin (dot-dashed blue lines)).
The parameters are φ1 = pi/2 for (a) φ2 = 0, (b) φ2 = pi/2, and (c) φ2 = pi. The other parameters are the same as
in Fig. 2(b).
from the expression of Im[χ] as below,
Im[χ]=g2N


X−8(Γ+2γ12)Ω1Ω2Ωt∆p
[Z1−4(Γ+γ12)∆2p]
2+Y 2
1
, φ1=0, pi, 2pi
X
[Z1−4(Γ+γ12)∆2p]
2+Y 2
2
, φ1=pi/2, 3pi/2
(6)
where
X = 4Γ∆4p + Z1(Γγ12 + 2Ω
2
2) + Z2∆
2
p,
Y1 = Y2 + 8Ω1Ω2Ωt,
Y2 = 4∆
3
p −∆p[Γ2 + 4Γγ12 + 4(Ω12 +Ω22 +Ω2t )],
Z1 = Γ
2γ12 + 2Γ(Ω
2
1 +Ω
2
2) + 4γ12Ω
2
t ,
Z2 = Γ
3 + 8γ12Ω
2
1 + 4Γ(γ
2
12 − 2Ω22 +Ω2t ).
When Ωt is up to Γ, it stops the dark-state splitting
completely for φ1 in the even order of pi/2. While φ1
is equal to odd order of pi/2, three symmetrical absorp-
tion peaks can exhibit as shown in Fig. 2(b), and thus
the double EIT reappears. These phase-dependent EIT
properties have also been presented in the output spectra
as shown in 2(c) and 2(d) when φ2 = 0, which show that
dissipation of the system can be modulated by closed-
loop phase.
In the following, we explore how φ2 affects output
fields from two channels. The output intensities of two
sides of the cavity and that of intracavity field are de-
picted in Fig. 3 under several φ2 when double EIT ex-
ists (φ1 = pi/2). Fig. 3(a) shows that the output in-
tensity from right side of cavity mirror is always the
same as that from left side at any frequency detuning.
It shows that, at CPA (coherent perfect absorber) res-
onance (∆p = 0), large absorption and less interference
amplitudes between probe beams lead to an ideal in-
terference “trap” for the two beams so that eventually
the probe photon will be absorbed by intracavity media.
With increasing relative phase φ2, due to interference
between two probe beams, output of intracavity field is
enhanced at resonance (as in Fig. 3(b)) until total re-
flection (Iout/Iin = 1) of the intracavity field appears at
two ends of the cavity under φ2 = pi as shown in 3(c),
which can be derived by equation (5).
The physical essence of the above effect of φ2 is re-
sulted from formation of a phase-dependent standing
wave by two driving fields inside of cavity. When φ2 = pi,
the standing wave (blue line in Fig. 4(a)) takes con-
certed action with the cavity mode field (black lines
in Fig. 4), thus the intracavity photon will be totally
reflected by standing-wave field. When φ2 is equal to
other values, for example φ2 = pi/2, the standing-wave
field (red line in Fig. 4(b)) will always be out of step
with cavity mode field, therefore intracavity field will be
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Figure 4. (color online) Field distribution in two-
sided cavity with (a) φ2 = pi and (b) φ2 = pi/2.
partially reflected through two ends of cavity. A light
switching with high contrast can be designed with dif-
ferent driving-field phase and closed-loop phase. With
φ1 = pi/2, for example, the two output channels at res-
onance are closed when φ2 = 0. When we set φ2 = pi/2,
the output intensity at resonant frequency is 0.5 (half-
open) and at positive (negative) frequency detuning, the
right (left) channel is open. The output switching is
completely open when φ2 = pi. The switching contrast
ratio at resonance between closed state and open state
can be up to 1. Actually, this can be used as the trans-
fer switching from perfect photon absorber to perfect
photon transmitter or reflector.
Besides as an optical switching, we notice that the
output intensities from two ends of the cavity can al-
ways reach the same values under some frequencies
(i.e. ∆p = 0), while under other frequencies (such as
∆p = ±Γ), output intensities of two ends will be differ-
ent. This indicates possible enhancement or weakness
of intensity correlation or quantum coherence of the two
channels. As shown in Fig. 3(a), the output intensities
for both channels are minimum thus the intensity cor-
relation between these two channels is at a small value
under ∆p = 0. With φ2 = pi/2 in figure 3(b), the out-
put intensities of two channels are increased and equal
at resonance which indicates intensity correlation is en-
hanced at larger value for ∆p = 0. When φ2 = pi as in
Fig. 3(c), the output intensities are equal and maximum
which indicates maximum correlation (robust entangle-
ment) free to the environmental dissipation. This infers
that quantum correlation of the two output channels can
be created by classic interference between two driving
fields as shown in Fig. 4. Since media absorption can
be controlled by intracavity phase-dependent EIT and
outputs of intracavity mode field can be manipulated
by the interference of two coherent input beams induced
by driving-field phase, the scheme can be used for ma-
nipulating quantum correlation and even the quantum
entanglement of the two channels.
In order to show the phase-dependent quantum corre-
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Figure 5. (color online) Time evolution of G(2) ver-
sus (a) φ1 and (b) φ2 at resonant probe frequency. Pa-
rameters are (a) φ2 = 0 and (b) φ1 = pi/2. The other
parameters are the same as in Fig. 2(b).
lation quantitatively, we calculate the second-order cor-
relation [19] between the two channels,
G(2) =
〈a†out,la†out,raout,raout,l〉
〈a†in,rain,r〉
2 . (7)
The time evolution of G(2) at resonant frequency versus
φ1 and φ2 are drawn as in Fig. 5(a) and 5(b), respec-
tively. They are shown obviously that the initial second-
order correlation decreases rapidly within 0.12µs (which
is in accordance with system loss L = κl+ κr+ κatom =
3/2 Γ, here Γ = 6 MHz for 87Rb) [19] then starts increas-
ing, and finally reaches a stable value. Since dissipation
which causes decoherence of system can be controlled
by phase-dependent EIT, the stable value is different for
different closed-loop phase φ1 as in figure 5(a). G
(2) can
not get back 1 unless total reflection appears (φ2 = pi)
as shown in Fig. 5(b). For φ1 = 0 and φ1 = pi in
Fig. 5(a), the stable correlation is around 0.47, while
for φ1 = pi/2, the stable value decreases to 0.26, which
is accordance with the media absorption property as in
Fig. 2(b). It reveals that intracavity phase-dependent
EIT with driving-field phase can be taken as one source
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of quantum correlation to conquer decoherence. Simi-
larly in the scheme, quantum correlation can be mod-
ulated by standing-wave driving with φ2. As shown in
Fig. 5(b), although the stable correlation is much lower
when φ1 = pi/2 and φ2 = 0, increasing φ2 from φ2 = 0
to φ2 = pi, the value of correlation function is increased.
The maximum correlation can be obtained when φ2 = pi
where quantum correlation is free to decoherence. These
results are consistent with the analysis of output spectra
in Fig. 3. It shows that classical interference can also
be used to control quantum correlation.
In the following, we analyze the correlation function
at EIT windows (∆p = ±Γ) with several values of the
two phases. Fig. 6(a) shows that at ∆p = Γ, with in-
creasing φ1 from 0 to pi, stable quantum correlation will
be improved from 0.32 to 0.70. Different from that in
resonant frequency, the minimum stable correlation is
obtained when φ1 = 0. This is predictable from the
analysis of Fig. 2(c) and 2(d). The output intensities of
two channels are equal and enhanced with φ1 being in-
creased from 0 to pi, therefore intensity correlation is en-
hanced correspondingly. While at ∆p = −Γ, the steady
correlation is decreasing with changing φ1 from φ1 = 0
to φ1 = pi (not shown).
Under φ1 = pi/2, quantum correlation depends on φ2
differently in the situations for ∆p = 0 and ∆p = Γ as
shown in figures 5(b) and 6(b). This can be explained
according to the analysis of Fig. 3. For ∆p = 0, out-
put intensities of two channels under φ2 = 0 (Fig. 3(a))
are weak but equal and thus there exists minimum en-
hancement of intensity correlation. The second order
correlation can be recovered to a steady value 0.26 un-
der ∆p = 0 when φ1 = pi/2, φ2 = 0 as shown in Fig.
5(b). However, for ∆p = Γ in Fig. 3(b) (φ2 = pi/2), the
intensities of two output channels are unequal, one of
which is strong but the other is weak, thus the correla-
tion can not be recovered (minimum steady correlation
close to zero under φ2 = pi/2 at ∆p = Γ as in Fig. 6(b)).
For φ2 = 0, pi/4 and 3pi/4, the correlation can reach
larger steady values and the maximum value for φ2 = pi
can be realized because of the partial or total reflection
based on driving-field phases as in Fig. 4.
In a word, in a cavity-atom system, with two-sided
coherent driving and closed-loop EIT controlling, phase-
dependent quantum correlation can be realized.
4. Conclusions
In conclusion, we analyze media absorption and wave
interference in a four-level atom-cavity system. Based
on phase-dependent EIT rather than using large inten-
sity of coupling field, optical switching with high con-
trast (up to 1) via phase control can be realized. To-
gether with phase-dependent standing wave formed by
two coherent driving fields, the total photon absorber or
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Figure 6. (color online)Time evolution ofG(2) versus
(a) φ1 and (b) φ2 at phase-dependent EIT window ∆p =
Γ. Parameters are (a) φ2 = 0 and (b) φ1 = pi/2. The
other parameters are the same as in Fig. 2(b).
hundred-percent transmitter (reflector) can be obtained.
Due to absorption suppression by modified intracav-
ity EIT and interference enhancement of standing-wave
field in the cavity, output intensity can be controlled
by closed-loop phase (φ1) and driving-field phase (φ2).
Phase-dependent quantum correlation between two out-
put channels can be manipulated. Because of the total
reflection from standing-wave field under φ2 = pi, maxi-
mum correlation of these two channels can be obtained.
By manipulation on quantum correlation, this work pro-
vides potential application in realization of controllable
entangled photons in cavity system.
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